studies demonstrated that incubation at pH 5.43 induced an increase in both the intracellular uptake of FD4 and the activation energy for FS permeation across Caco-2BBe monolayers, respectively, suggesting increased transcellular permeation. Exposure to acidic conditions also decreased cellular levels of ATP We conclude that acidosis increases both paracellular and transcellular permeability to hydrophilic macromolecules and leads to depletion of ATP.
intestine; tight junction; ATP; hypercarbia; epithelium; dextran THE INTESTINAL EPITHELIUM nOrm!dly functions as a selective barrier, permitting the absorption of nutrients, electrolytes, and water but restricting the passage from the lumen of larger, potentially toxic compounds. This characteristic of the intestinal mucosa, which has been referred to as "selective permeability" (12) , is thought to be mediated by the tight junctions (zonula occludens) surrounding each cell in the epithelial sheet (17). Previous studies have shown that intestinal epithelial permeability can be modulated by a number of factors, including changes in intracellular adenosine 3',5'-cyclic monophosphate (CAMP) concentration (7), insulin (21), insulin-like growth factors (22), activators of protein kinase C (30), cytokines (1,18,35), and nitric oxide (26).
Results from several studies suggest that ischemia and/or ATP depletion are among the factors capable of increasing the permeability of epithelia (13, 19, 20) . However, in a recent study of the effects of intestinal ischemia induced by systemic endotoxemia or partial mechanical occlusion of the mesenteric artery in pigs, we noted that there was a strong correlation between the degree of tissue acidosis and the degree of ileal mucosal hyperpermeability induced by these perturbations (28). This finding suggested to us that the adverse effects of ischemia on intestinal epithelial permeability might be related to the resultant derangements in tissue pH rather than simply the changes in tissue oxygenation per se. In an effort to further investigate this possibility, we used a porcine preparation to examine the effects of mucosal acidosis induced by deliberately increasing arterial carbon dioxide tension and observed a substantial increase in ileal epithelial permeability, even in the absence of findings indicative of mucosal ischemia or dysoxia (28).
Although the above findings support the view that intestinal epithelial permeability is increased by acidosis, the interpretation of results obtained from in vivo studies can be complicated by myriad unmeasured or poorly delineated neuroendocrine and cardiovascular responses. To avoid these potentially confounding influences, we conducted the present study, wherein we used an in vitro model of the intestinal epithelium, Caco-2BBe monolayers grown on permeable supports, to test the hypothesis that acidosis increases gut epithelial permeability
In this study, we also measured intracellular levels of ATP, because we (20,26, 34) and others (19) have shown that ATP depletion is associated with derangements in epithelial permeability and that intracellular acidosis can impair ATP biosynthesis (32), possibly by interfering with the activity of enzymes, such as phosphofructokinase, important in energy metabolism (4,33). 
METHODS

Materials
G1009
were then washed twice with fresh medium and incubated for an additional 6 h at 37°C in medium (at pH, 7.40 or 5.43) supplemented with 1 @i/ml [3H]thymidine. After the completion of the second incubation period, the monolayers were washed three times with cold PBS and harvested with 1 ml of cold 5% trichloroacetic acid (TCA). After incubation for 30 min at 4°C the samples were centrifuged at 10,000 g for 5 min at 4°C. The supernatant was aspirated. The pellets were washed twice with 1 ml of cold TCA and then twice more with cold ethanol to remove any unincorporated thymidine. Any residual ethanol was evaporated from the pellets under a stream of nitrogen gas. The pellets were digested by incubation for 1 h at 50°C in 0.5 ml of 0.5 N NaOH. After resuspension of the cell pellets in the appropriate HEPES-buffered medium (at -lo6 cells/ ml), aliquots of the suspensions were loaded into plastic cuvettes and placed into a SPEX DM3OOOCM spectrofluorometer equipped with a magnetic microstirrer and thermostatically controlled (37°C) cuvette holder. The cell suspensions were continuously excited at alternating wavelengths of 555 and 510 nM, and the emission fluorescence intensities were monitored at 600 nM.
To measure the pHi of cells incubated under hypercarbic conditions, bicarbonate-containing medium was bubbled with a gas mixture containing 40% CO2-21% 02-39% N2 until a stable pH, was reached. Cells were trypsinized and loaded with dye as described above. The resulting cell pellet was quickly resuspended in the previously bubbled medium and placed into the cuvette. The cuvette was then completely filled to the top with additional prebubbled medium (to eliminate any air space above the liquid) and quickly sealed in gas-tight fashion with several layers of Parafilm. With this system, the pH, of the medium in the cuvette remained stable for more than 90 min. Fluorescence was subsequently monitored over time as described above. in 15% glucose in 0.1 M sodium cacodylate and postfixed in 0.5% 0~0~ and 1.5% K3Fe(CN)6 in 0.1 M sodium cacodylate. After specimens were rinsed three times in distilled water, they were stained for 30 min in 1% aqueous uranyl acetate, rinsed again in distilled water, and dehydrated through a graded ethanol series. The membranes were then cut from the inserts using a razor blade and embedded in Epon by first infiltrating in a 3:l mixture of ethanol and resin for 1 h, a 1: 1 mixture for 2 h, and finally a 100% resin mixture for 12-24 h. Resin was polymerized at 50°C for 3-4 days. To determine areas to be examined in the electron microscope, l-pm-thick sections were cut with glass knives from manually trimmed blocks, stained with 1% toluidine blue in 1% sodium borate for 4 min at 70°C rinsed in distilled water, and examined by light microscopy The blocks were then retrimmed, and ultrathin (silver) sections were cut with a diamond knife. Sections collected on 200-mesh grids were stained with 1% aqueous uranyl acetate, rinsed in distilled water, and stained with 0.31% lead citrate. All specimens were examined using a Phillips 410 LS electron microscope.
In some studies, horseradish peroxidase (HRP; mol wt 44,000 Da) was used as a paracellular marker. Culture medium supplemented with HRP (5 mg/ml) was added to the apical chambers of monolayers grown on permeable supports in Transwell chambers. After incubation for 1 h at 37°C monolayers were rinsed with cold PBS and fixed for 1 h in 2.5% gluteraldehyde, 2% paraformaldehyde, and 0.1 M sodium cacodylate (pH 7.35). Fixed monolayers were subsequently rinsed with cacodylate and Tris (0.1 M, pH 7.6) buffers, followed by a 5-min incubation in Tris buffer containing 1 mg/ml3,3'-diaminobenzidine tetrahydrochloride, 0.04% (vol/vol) H202, and 0.1 M imidazole (8, 31). After rinsing in Tris and cacodylate buffers, the monolayers were postfixed and prepared for electron microscopy as described above.
FZuorescence confocal microscopy. Caco-2BBe cells grown on 12-mm Transwell membranes were incubated in bicarbonate-free medium at pH, 7.40 or 5.43 with FD4 (25 mg/ml) added to the apical compartment.
AEter 24 h, the monolayers were fixed in 4% paraformaldehyde in PBS (pH 7.40). After fixation, the filters were washed twice in PBS (5 min each), extracted with 0.1% 'IYiton X-100 in PBS for 2 min, and washed two additional times (5 min each) in PBS. The filters were then placed on a microscope slide, and a drop of 1 mg/ml p-phenylenediamine (in a 9:l mixture of glycerol and PBS) was added to each filter to reduce bleaching of fluorescence before application of a coverslip and sealing with nail polish. All specimens were examined using a laser confocal imaging system (Bio-Rad MRC 600) attached to a Zeiss Axiovert microscope with a Zeiss Plan-Neofluor oil-immersion X 100 objective (Carl Zeiss, Thornwood, NY By counting the number of cells labeled with the ethidiumcalcein-AM dyes, the percentages of viable and nonviable cells were determined.
Statistics. Data are expressed as means 2 SE. Statistical comparisons were performed by using the two-tailed Student's t-test for unpaired data, or analysis of variance (ANOVA) followed by Tukey's test, where appropriate.
The null hypothesis was rejected for P < 0.05.
RESULTS
Effect of hypercapneic acidosis on macromolecular permeability. Incubation of Caco-2BBe cells under hypercarbic conditions for 24 h increased the permeability of the monolayers to FS and FD4 (Fig. 1) . With the use of the modulator incubator system, incubation in a hypercapneic environment composed of 10, 20, 30, or 40% CO2 (in gas mixtures containing 21% O2 and varying percentages of N2) resulted after 24 h in final pH, values of 7.1,6.9,6.8, or 6.7, respectively. Permeability was unchanged when the ambient CO2 concentration was increased from 5 to 10%. However, further increasing the CO2 concentration to 20%, which decreased pH, to 6.9, resulted in a significant increase in permeability to both FS and FD4. Increasing the CO2 concentration from 30 to 40%, which decreased pH, from 6.8 to 6.7, resulted in an even greater increase in permeability to both probes.
Effect of incubation in acidified bicarbonate-free medium on macromolecular permeability. We measured the permeation of FS across Caco-2BBe monolayers incubated for 24 h in bicarbonate-free (HEPES-buffered) medium at pH, values ranging from 7.40 to 5.43 (Fig. 2) . When a nonvolatile acid was used to lower pH, (in a bicarbonate-free buffer system), a significant increase in permeability to FS was not observed until pH, was decreased to 6.00. In contrast, as noted above, a decrease in pH, to only 6.9 (via incubation with 20% COs) was sufficient to induce hyperpermeability when acidosis was caused by incubation in a hypercapneic environment.
An increase in epithelial permeability due to low pH, was observed not only when the probe was a charged species (i.e., FS), but also when the probe was an uncharged compound (i.e., [3H]mannitol). After a 24-h incubation in bicarbonate-free medium, apical-tobasolateral [3H]mannitol clearance was 370 t 8 and 1 270 + 40 nl h-l* cmp2 for monolayers incubated at pk&, values of 7.40 and 5.43, respectively (P < 0.05). Time course of the effect of acidosis on macromolecular permeability. In an effort to investigate the effect of time of exposure on acidosis-induced hyperpermeability, Caco-2BBe monolayers were incubated for varying periods in an atmosphere containing either 5% or 40% C02. After a 2-h period of incubation under an atmosphere containing 40% C02, permeability did not increase above control levels (data not shown). However, hyperpermeability to FS and FD4 (Fig. 3 ) was evident after 6 h of incubation under an atmosphere containing 40% C02. Permeability increased still further after 24 h of incubation under these hypercarbic conditions. Whereas the increase in permeability to FS stabilized after 18 h of exposure to a hypercapneic atmosphere (Fig. 3A) , permeability to FD4 increased further during the interval from 18 to 24 h (Fig. 3B) ity appears to be distinct for FS compared with FD4 when the data are analyzed as shown in Fig. 3 . However, if the permeability of monolayers incubated under 40% CO2 is expressed as a multiple of the permeability of contemporaneously studied (control) monolayers incubated under 5% COZ, the differences between FS and FD4 are less apparent. Incubation under 40% CO2 for 6,18, or 24 h increased permeability to FS 3.4-, 32.5, or 40.7-fold, respectively, and increased permeability to FD4 3.L, 32.1-, or 60.0-fold, respectively. To define more precisely the onset and progression of hyperpermeability in response to an acidic environment, FS clearance was measured at short time intervals in cells incubated in bicarbonate-free medium at pH, values of 7.40 and 5.43. The use of a nonvolatile acid to decrease pH, obviated the delays in equilibration (of pH,) inherent in the use of a hypercapneic atmosphere contained within the modular incubator. Permeability to FS increased significantly after only 2 h of incubation in medium at a pH, of 5.43 (Fig. 4A) . Permeability continued to increase significantly over successive 2-h intervals up to 12 h (Fig. 4B) .
Effect of acidosis on PHi. The pH-sensitive dye SNAFL-1 was used to measure pHi in Caco-2BBe cells exposed to acidic conditions (pH, 6.5-6.7) induced in either of two ways: bubbling bicarbonate-buffered medium with a gas mixture containing 40% CO2 or adding a nonvolatile acid (HCl) to reduce the pH of bicarbonatefree (HEPES-buffered) medium. In each case, pHi was monitored over time. This experiment was repeated several times with reproducible results. Figure 5 depicts data obtained in a representative experiment. When cells were suspended in bicarbonate-buffered medium prebubbled with 40% C02, pH, and pHi equilibrated immediately and remained stable over the 90-min period of observation. In contrast, when cells were placed into HEPES-buffered medium titrated to pH, 6.5 with HCl, complete equilibration of pH, and pHi required at least 90 min (the longest time for which reliable fluorescence data could be obtained).
Effect of acidosis on cellular injury and viability of Caco-2BBe monolayers. To evaluate the integrity of cell membranes after exposure of Caco-2BBe monolayers to acidic conditions, we measured the release of the cytosolic protein LDH into the culture medium. When monolayers were incubated at pH, values of 7.40 or 5.43 for 24 h, LDH release (expressed as a percentage of the maximal value achieved by sonicating the cells) was significantly (P < 0.05) higher for cells incubated under acidic conditions (11.6 5 0.3%) compared with cells incubated under neutral conditions (8.3 k 0.6%). After incubation under acidic conditions, elevated LDH levels were detected in samples of media from both apical and basal compartments (data not shown). Incubation of cells under 5 or 40% CO2 for 24 h resulted in levels of LDH release of 5.9 2 0.3 or 9.0 t 0.3%, respectively (P < 0.05). Cell viability and membrane injury were also evaluated with fluorescence confocal microscopy using markers for intracellular hydrolase activity (calcein-AM) and severe membrane injury and/or cell death (ethidium homodimer).
Cells maintained for 24 h at a pH, of 7.40 stained intensely with calcein-AM (Fig. 6a) . However, incubation of the monolayers at pH, 5.43 for 24 h induced profound cell rounding and swelling, disrupting the normally homogeneous cobblestone morphology of the monolayer (Fig. 6~) . Furthermore, although a small percentage of cells within these monolayers stained intensely with the calcein dye, numerous clusters of cells were observed that stained with less intensity than was observed in control monolayers (Fig.  6~) . Compared with incubation under control conditions, incubation for 24 h in bicarbonate-free medium at pH, 5.43 increased the number of cells that stained moderately with ethidium (Fig. 6d) Therefore, as a control experiment, monolayers were incubated for 24 h at a pH, of 3.00, followed by staining with calcein-AM and ethidium bromide. Under these conditions, none of exhibited any hydrolase the cells stained extenthe cells within the monolayer activity ( Fig. 6e) , whereas all sively with ethidium bromide (Fig. 6f) , indicating the death of all the cells composing the monolayer. Examination of the ethidium bromide-stained cells did not reveal any evi .dence of cell 10s )s from the (i.e., no ga ,PS were observed), even after monolayers incubation under conditions extreme enough to result in a total loss of cellular viability.
Effect of acidosis on the ultrastructure of Caco-2BBe ceZZs. As shown in Fig. 7A apical surfaces (Fig. 7B) . Microvilli appeared slightly and the adherence of cells to the filter was unaffected. elongated and less densely packed compared with Some of the junctional complexes between cells incucontrol monolayers. However, no overall changes were bated at pH, 5.43 were morphologically similar to those observed in cellular polarity or nuclear morphology, observed between cells incubated under control condi- tions; however, many of the tight junctions between paracellular traffic. Monolayers, incubated at pH, valcells subjected to incubation in an acidic milieu were ues of 7.40 and 5.43 for 24 h, were incubated for an clearly dilated (Fig. 8) .
additional hour after the presentation of HRP to the apical Effect of acidosis on paracellular permeability. To surface. Monolayers were subsequently examined by transevaluate the functional integrity of the tight junctions, mission electron microscopy for the presence of HRP we performed studies using HRP as a marker of within the intercellular spaces. In control monolay- ers, HRP was totally exluded by the tight junctions (Fig. 9A) . However, in monolayers subjected to incubation at pH, 5.43, HRP was found to diffuse past the tight junctions, accumulating within the intercellular spaces (Fig. 9B) . Interestingly, several of the tight junctions examined in monolayers subjected to low-pH, conditions were found to totally exclude HRP Localization of FD4 in Caco-2BBe cells. In an attempt to determine whether acidosis-induced hyperpermeability was caused by an increase in the transcellular passage of the macromolecular probe FD4 across the Caco-2BBe monolayers, fluorescence confocal microscopy was used. On addition of FD4 to the apical compartment, followed by a 24-h period of incubation at pH, values of 7.40 and 5.43, monolayers were fixed and prepared for confocal microscopy, At pH, 7.4, the fluorescent macromolecule was localized to the apical surface of the cells, appearing as diffuse, pun&ate regions of staining (Fig. lOa) . Staining was rarely observed in the basolateral regions of these cells (Fig. lob) . In contrast, after 24 h of incubation at pH, 5.43, intense staining was observed within both the apical (Fig. 10~) and basal (Fig. loo!) regions of numerous clusters of cells within the monolayer. As with calcein-AM, staining of cells within the monolayer was heterogeneous.
Effect of temperature on acidosis-induced intestinal epithelial hyperpermeability.
To ascertain whether acidosis-induced hyperpermeability was strongly temperature dependent, a finding that would support the hypothesis that a transcellular process was involved in the permeation of molecules across the monolayer, a series of experiments were performed at 37 and 4°C. Caco-2BBe monolayers were incubated for 24 h in bicarbonate-free medium at pH, 7.40 or 5.43. Some monolayers were incubated for an additional hour at 37°C whereas others were moved to a cold room maintained at 4°C and permitted to equilibrate to the new temperature for 1 h. FS was then added to the apical compartments of the Transwell chambers, and clearance of the probe into the basolateral compartment was determined after 4 h of additional incubation at either 37 or 4°C. As shown in Table 1 , maintaining the cells at 4°C significantly slowed permeation of the monolayers by FS, irrespective of whether the cells were incubated at normal or low pH,. The effect of cooling on FS permeability, however, was greater for monolayers incubated at pH, 5.43 than it was for monolayers incubated at pH, 7.40. With the use of Arrhenius plots as described by Van -8 kcal/mol, whereas the activation energy for FS permeation across monolayers maintained at pH, 5.43 was -15 kcal/mol.
In parallel studies, monolayers were incubated at 37°C for 24 h in bicarbonate-free medium adjusted to pH, 7.40 or 5.43. After incubation of monolayers at 37 or 4°C for an additional 5 h, TER was determined. As shown in Table 1 , maintaining the cells at 4°C significantly increased TER, irrespective of whether the cells were incubated at normal or low pH,. However, TER was significantly lower for monolayers incubated at pH, 5.43 compared with those at pH, 7.40, regardless of whether the resistance measurements were performed at 37 or 4°C.
Reversibility of acidosis-induced hyperpermeability.
To determine whether the hyperpermeable condition induced by acidosis was reversible, the ability of monolayers to regain normal barrier function after 24 h of incubation at low pH, was evaluated. As depicted in Fig. llA, monolayers incubated for 24 h under an atmosphere containing 40% CO2 (pH, 6.70) were significantly more permeable to FS than were monolayers incubated for 24 h under an atmosphere containing 5% COz (pH, 7.40). However, when barrier function was reassessed after a 24-h period of recovery (i.e., incubation under an atmosphere containing 5% CO& permeability to FS was similar for monolayers previously exposed to conditions of low or normal pH,. The derangement in barrier function induced by acidosis was similarly reversible when monolayers were rendered hyper- B: an experiment identical to that described in A was performed except that instead of incubation in bicarbonate-containing medium under 40% CO2 to induce hyperpermeability, monolayers were incubated in HEPES-buffered (bicarbonate-free) medium at pH, 7.40 (n = 6; hatched bars) or 5.43 (n = 6; solid bars). Permeabilities were calculated as described in Fig. 1 .
permeable by incubation for 24 h in bicarbonate-free medium at pH, 5.43 (Fig. 11B) .
To define the time course of recovery of barrier function after incubation under acidotic conditions, monolayers subjected to acidosis for 24 h at pH, 5.43 were allowed to recover in medium at physiological pH, (7.40) (Fig. 12) conditions (5% CO& normal ATP levels were restored (data not shown). DISCUSSION We previously reported that ileal mucosal permeability to FD4 is greater when pigs are subjected to graded degrees of mesenteric ischemia induced by either partial mechanical occlusion of the superior mesenteric artery or intravenous infusion of bacterial endotoxin (28). In this prior study, we determined that the degree of hyperpermeability induced by these perturbations was strongly correlated with the magnitude of mucosal acidosis produced (28). We further showed that mucosal acidosis was associated with hyperpermeability, even in the absence of tissue hypoperfusion or apparent cellular hypoxia (28). Accordingly, we postulated that tissue acidosis per se can increase mucosal permeability. The results reported here further support this hypothesis.
In the present study, we showed that exposure of Caco-2BBe intestinal epithelial monolayers to an acidic milieu increased permeability to various hydrophilic molecules, including mannitol, FS, and FD4. Qualitatively, results were similar, regardless of whether the cells were maintained in bicarbonate-free medium at low pH, or were incubated in bicarbonate-containing medium under an atmosphere enriched in C02. Monolayers appeared to be more sensitive to the permeabilityincreasing effects of acidosis induced by incubation under a COz-enriched atmosphere than to incubation in the presence of medium titrated to low pH, by the addition of a nonvolatile acid. One possible explanation for this finding is that the pHi equilibrates more rapidly with pH, when acidosis is induced by a highly diffusable gas (COZ) in a bicarbonate-buffered system than when acidosis is induced by the addition of a nonvolatile acid (HCl) in a HEPES-buffered (bicarbonate-free) system. However, we showed that even when HCl was added to the medium bathing the cells, equilibration of pHi with pH, was nearly complete within 90 min, a much shorter period than that required to observe maximal changes in permeability.
The present data are insufficient to explain the observed differences in the effects on permeability of using a volatile versus a nonvolatile acid to lower pHi.
Acidosis-induced hyperpermeability in the model system used for the present studies was related to the duration of exposure to the low-pH environment.
Although increased permeability could be observed after 2 h of incubation at a pH, of 5.43, the effects of an acidic milieu were clearly progressive over a 24-h period. Clinically, mucosal acidosis can occur not only as an acute event but can also persist for prolonged periods (i.e., many hours to days) (3, 5). Accordingly, in the present study, we examined the effects on permeability of both short and relatively long periods of incubation under acidic conditions. Acidosis-induced derangements in permeability were consistently large after 24 h of incubation.
Thus, in many of the studies reported herein, utilization of this period of exposure to the control or experimental conditions permitted a reliable assessment of the biochemical and ultrastructural changes that were i nduced as a result of incubation in an acidic milieu. We also noted considerable variability in both the basal permeability of Caco-2BBe monolayers and in the magnitude of the effect of incubation under acidic conditions on permeability. We can only speculate as to the causes underlying this variability, but we assume that influential factors probably include differences in the age of the monolayers (i.e., days after seeding onto the permeability supports) as well as differences in the interval after the most recent feeding.
Acidosis This value agrees well with the calculated activation energy (8.2 kcal/mol) for permeation of monolayers by another hydrophilic solute of similar size, the chemotactic peptide N-formyl-methionyl-leucyl-phenylalanine (mol wt 438 Da) (24). Activation energies in this range are consistent with permeation via a paracellular pathway (11, 24, 36) . In contrast, when Caco-2BBe monolayers were incubated for 24 h in medium at a pH, of 5.43, the apparent activation energy for permeation by FS substantially increased to -15 kcal./mol, suggesting contribution from a transcellular pathway (11). Although our data suggest a transcellular component to acidosis-induced hyperpermeability to hydrophilic molecules, the exact mechanism of intracellular transit remains unknown.
One possibility is that the transcellular permeability of hydrophilic molecules occurred via accelerated endocytotic fluid-phase pinocytosis and vesicular transport to the basolateral membrane. However, because this pathway is an energy-requiring process, and monolayer ATP levels were significantly reduced after incubation at low pH, it is unlikely that this route of permeation was increased under acidic conditions. Furthermore, studies have demonstrated that cytoplasmic acidification below pH 6.8 inhibits the endocytotic uptake of fluid-phase markers as well as overall intracellular vesicular trafficking (6). Another possibility is simple diffusion of dye through acidosisinduced compromised plasma membranes. We found that under acidic conditions, media from the apical and basal compartments contained elevated levels of the cytoplasmic protein LDH, indicating that both the apical and basolateral membranes were rendered "leaky"
In addition, the increase in enthalpy for FS permeation across the Caco-2BBe monolayers is consistent with diffusion of a hydrophilic molecule through a lipid barrier (i.e., compromised plasma membranes). The greater observed decrease in FS permeability under acidotic conditions at 4°C compared with 37°C was probably related to a temperature-induced decrease in plasma membrane fluidity. This effect would be expected to decrease the rate of diffusion of FS across compromised lipid bilayers, because the transcellular permeation of lipophilic substances that readily enter cell membranes has been shown to decrease significantly when the temperature is lowered (38). However, because TER also increased at 4"C, an effect reported by other investigators (16, 24), a portion of the decreased permeability could be the result of a temperature-dependent closing of tight junctions. In any case, our findings suggest that the hydrophilic probes used in this study probably traversed the epithelial monolayer, at least in part, via permeation through compromised plasma membranes.
The ultrastructural studies using HRP demonstrated an increase in paracellular permeability to a hydrophilic molecule across Caco-2BBe monolayers after incubation under acidic conditions. Moreover, after incubation at low pH,, many tight junctions appeared dilated and contained a decreased amount of electrondense material.
This decreased amount of electrondense material may be the result of a loss of the tight junction-associated protein ZO-1, which has been shown to diffuse away from the cell periphery in response to a decline in cellular pH (14). In addition, HRP presented to the apical surface of monolayers incubated under acidic conditions was found to accumulate within some, but not all, intercellular spaces, suggesting that intercellular tight junctions were opened, or, to use Madara's term, "loosened" (17) in an inhomogeneous fashion. Our finding that some tight junctions totally excluded HRP, whereas others were rendered leaky after incubation at low pH,, is consistent with our observations obtained using calcein-AM, which suggested that the degree of acidosis-induced injury suffered by individual cells within the monolayer was heterogeneous.
Although exposure to acidic conditions induced cell injury, acidosis-induced hyperpermeability, whether caused by 24 h of incubation in HEPES-buffered (bicarbonate-free) medium at pH, 5.43 or in bicarbonate-
